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The term “imposex” was coined by Smith
(1971) to describe the syndrome of a super-
imposition of male genital organs such as the
penis and vas deferens on female gastropods.
Imposex is thought to be irreversible (Bryan
et al. 1986). Reproductive failure may occur in
females with severe imposex, resulting in popu-
lation decline or even mass extinction (Gibbs
and Bryan 1986, 1996). In some species, impo-
sex is typically induced by tributyltin (TBT)
and triphenyltin (TPhT), chemicals released
from antifouling paints used on ships and ﬁsh-
ing nets (Bryan et al. 1987, 1988; Gibbs et al.
1987; Horiguchi et al. 1995, 1997a).
TBT and TPhT compounds (TBTs and
TPhTs) have been used worldwide in antifoul-
ing paints for ships and ﬁshing nets since the
mid-1960s, although much lower amounts of
TPhTs have been used (Goldberg 1986;
Horiguchi et al. 1994). In Japan, the produc-
tion, importation, and use of TBTs and TPhTs
have been strictly regulated by legislation and
government administrative guidance since
1990. These activities were reported to have
completely stopped by 1997, although evidence
suggests illegal TBT use in antifouling paints in
some areas (Horiguchi 2000; Horiguchi et al.
1994; Horiguchi T, Kojima M, Kaya M,
Matsuo T, Shiraishi H, Adachi Y, Morita M,
unpublished data). The International
Convention on the Control of Harmful Anti-
fouling Systems on Ships was adopted to
enforce a worldwide ban on TBT and TPhT at
the meeting of the International Maritime
Organization (IMO) in October 2001 (IMO
2001), although it has not come into effect yet.
As of July 2004, approximately 150 gastro-
pod species have been reported to be affected
by imposex worldwide (Bech 2002a, 2002b;
Fioroni et al. 1991; Horiguchi et al. 1997b;
Marshall and Rajkumar 2003; Sole et al. 1998;
ten Hallers-Tjabbes et al. 2003; Terlizzi et al.
2004). Many of these species belong to the
families Muricidae (e.g., Nucella lapillus,
Ocenebra erinacea, Thais clavigera, Urosalpinx
cinerea), Buccinidae (e.g., Babylonia japonica,
Buccinum undatum, Neptunea arthritica arthrit-
ica), Conidae (e.g., Conus marmoreus bandanus,
Virroconus ebraeus), and Nassariidae (e.g.,
Ilyanassa obsoleta, Nassarius reticulatus) of the
Neogastropoda. (Fioroni et al. 1991; Horiguchi
et al. 1997b). Regarding Japanese gastropods,
39 species (seven mesogastropods and 32 neo-
gastropods) have been found to be affected by
imposex (Horiguchi et al. 1997b). Numerous
studies have examined the incidence or severity
of imposex, investigated the use of certain gas-
tropod species as biological indicators of TBT
contamination, and surveyed TBT contamina-
tion also using gastropods. Only a few reports,
however, have presented evidence for popula-
tion-level effects of reproductive failure due to
imposex. Such evidence has been based on
either morphological or histological methods
(Bryan et al. 1986; Gibbs and Bryan 1986;
Gibbs et al. 1988, 1990, 1991; Horiguchi
2000; Horiguchi et al. 1994, 2000a; Oehlmann
et al. 1996; Schulte-Oehlmann et al. 1997).
The ivory shell Babylonia japonica,
(Neogastropoda: Buccinidae) inhabits sandy
or muddy bottoms in shallow waters (approx-
imately 10–20 m in depth) from the south of
Hokkaido to Kyushu, Japan. This species is a
scavenger in the inshore ecosystem and tradi-
tionally has been a target species of commer-
cial fisheries in Japan. Imposex has been
observed in B. japonica since the 1970s, and
the total catch drastically decreased through-
out Japan in the late 1970s and early 1980s
(Horiguchi and Shimizu 1992).
Much effort has been invested in trying to
enhance B. japonica stocks, including seed pro-
duction using adult B. japonica reared at a
hatchery and consecutive release of seeds or
juveniles into the sea. Most seeds or juveniles
(~ 90% of total production in Japan) of
B. japonica released into the sea have been pro-
duced at the prefectural hatchery in Tomari,
Tottori Prefecture, in western Japan (Figure 1).
The total catch has drastically decreased since
1984, 2 years after the first observation of
B. japonica females that exhibited imposex.
Studies have shown an increase in both the per-
centage occurrence of imposex and in mean
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We histopathologically examined gonads and chemically determined organotin compounds in
tissues of the ivory shell, Babylonia japonica. Imposex (a superimposition of male-type genital
organs on females) occurred in approximately 80–90% of B. japonica specimens that we exam-
ined, with the penis and vas deferens both well developed. No oviduct blockage by vas deferens
formation was observed. Ovarian spermatogenesis and suppressed ovarian maturation were
observed in the females that exhibited imposex, although no histopathological abnormalities were
found in males. Tissue distributions of organotin compounds [tributyltin (TBT), triphenyltin
(TPhT), and their metabolites] were different for butyltins and phenyltins; a remarkably high
accumulation of TBT was observed in the ctenidium, osphradium, and heart, whereas high con-
centrations of TPhT were detected in the ovary and digestive gland. More than one-third of TBT
accumulated in the digestive glands of both males and females, followed by the testis, ctenidium,
muscle, and heart tissues in males and in the muscle, ovary, ctenidium, and head tissues (including
the central nervous system ganglia) in females. In both males and females, more than half of total
TPhT accumulated in the digestive glands, followed by the gonads. The next highest values were
in the muscle, ctenidium, and heart tissues in males and in the muscle, oviduct, and head tissues
in females. Both TBT and TPhT concentrations in the gonads were positively correlated with
penis length in females. Our ﬁndings strongly suggest that reproductive failure in adult females
accompanied by imposex, possibly induced by TBT and TPhT from antifouling paints, may have
caused the marked decline of B. japonica populations in Japan. Key words: imposex, ovarian sper-
matogenesis, population decline, reproductive failure, suppressed ovarian maturation, tributyltin,
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1989; Horiguchi 1998; Kajikawa 1984;
Kajikawa et al. 1983). The number of egg cap-
sules spawned by adult B. japonica at the
hatchery and the number of seeds and juveniles
artificially released into the sea have also
decreased since the mid-1980s (Horiguchi
1998). Introduction of adult B. japonica from
Niigata Prefecture since 1992 to compensate
for insufﬁcient offspring also resulted in failure
for the release of seeds and juveniles into the
sea because of their high mortality at the hatch-
ery before the release (Horiguchi 1998). In
spite of such efforts to enhance B. japonica
stocks, recovery back to the original levels of
the total catch has not been achieved
(Horiguchi 1998). The B. japonica hatchery
for stock enhancement in Tottori was closed in
1996 (Horiguchi 1998).
Our objectives in the present study were to
examine the incidence of reproductive failure
accompanied with imposex in B. japonica on
the basis of histopathological observation of
gonads and to investigate the relationship
between organotin compounds and imposex in
B. japonica on the basis of chemical determi-
nation of organotin concentrations in tissues.
We discuss whether the marked decline of
B. japonica populations in Japan could have
been brought about by reproductive failure
accompanied with imposex induced by TBT
and TPhT from antifouling paints.
Materials and Methods
Histopathological examination of gonads in
the ivory shell. Adult B. japonica reared in the
hatchery of the Tottori Prefectural Sea
Farming Association were sacriﬁced monthly
from December 1988 to November 1989,
when the number of egg capsules spawned by
adult B. japonica at the hatchery had reached
a minimum (Horiguchi 1998). Gonad sam-
ples of 10–15 B. japonica specimens were
ﬁxed monthly in Bouin’s ﬂuid, embedded in
parafﬁn, and stained with hematoxylin–eosin
for histopathological examination under a
light microscope. A total of 135 B. japonica
specimens were examined (43 males and
92 females consisting of 16 normal females
and 76 imposex-exhibiting individuals).
To quantitatively evaluate the gonadal mat-
uration of B. japonica, we scored female and
male reproductive cells on the basis of develop-
mental stages similar to those described by
Takamaru and Fuji (1981) and Horiguchi et al.
(2000b). Female reproductive cells were catego-
rized according to five developmental stages:
oogonium, primary oocyte, first yolk
globule–accumulating oocyte, second yolk
globule–accumulating oocyte, and matured
oocyte (Figure 2). An oogonium is an oval cell
having a nucleus with small granules stained by
hematoxylin and less-stained cytoplasm; the
nucleus has a few nucleoli stained by eosin
(Figure 2A). A primary oocyte is larger than an
oogonium, and its shape is irregular. The nuclei
of primary oocytes are variable, ranging from
no nucleolus (chromonemata are spreading in
the nucleus) to a large nucleolus (chromone-
mata are scattered in or located at the outskirts
of the nucleolus) intensively stained by eosin
(Figure 2B). No yolk globule-accumulation is
observed in the first two stages. A first yolk
globule–accumulating oocyte is larger than a
primary oocyte, with a few yolk globules
stained by eosin (Figure 2C). A second yolk
globule–accumulating oocyte is a large pear-
shaped cell with several yolk globules observed
in the cytoplasm. The edge of a second yolk
globule–accumulating oocyte is adjacent to the
epithelium of the ovarian lobule, which consists
of the ovary (Figure 2D). A matured oocyte is a
large oval cell with plentiful yolk globule and is
separating from the epithelium of the ovarian
lobule; its nucleus is intensively stained by
hematoxylin (Figure 2E).
Male reproductive cells were categorized
into four developmental stages: spermatogo-
nium, spermatocyte, spermatid, and spermato-
zoon (Figure 3). A spermatogonium is an oval
cell having a nucleus with small granules
stained by hematoxylin; the nucleus also has a
few nucleoli stained by eosin (Figure 3A).
A spermatocyte is a round cell having a
nucleus with granules intensively stained by
Horiguchi et al.
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Figure 1. Sampling sites of the ivory shell, B. japon-
ica, specimens.
Figure 2. Reproductive cells in the ovaries of
B. japonica: (A) oogonium; (B) primary oocyte;
(C) first yolk globule–accumulating oocyte;
(D) second yolk globule–accumulating oocyte;
(E) matured oocyte. Abbreviations: Fyo, first yolk
globule–accumulating oocyte; Mo, matured
oocyte; Nc, nucleolus; Nu, nucleus; Oo, oogonium;
Ovl, ovarian lobule; Po, primary oocyte; Syo, sec-
ond yolk globule–accumulating oocyte; Yg, yolk
globule.hematoxylin; the shape of the nucleus varies,
possibly suggesting primary and secondary
spermatocytes (Figure 3B). A spermatid is a
crescent-shaped cell whose nucleus is located at
one pole of the cell and is intensively stained
by hematoxylin; the shape of some spermatids
resembles an oval or rod, with a reduced vol-
ume of cytoplasm (Figure 3C). A spermato-
zoon is a threadshaped cell, intensively stained
by hematoxylin (Figure 3D). When no or few
reproductive cells were observed in gonads
after spawning, a score of 0 was assigned to
both ovaries and testes.
The individual reproductive developmen-
tal score was the mean value of these scores
for the reproductive cells of each B. japonica.
The population reproductive developmental
score was the monthly mean value of the indi-
vidual reproductive developmental scores
(Horiguchi et al. 2000b).
Chemical determination of organotin
compounds in tissues of the ivory shell. Adult
B. japonica specimens collected at Yodoe,
Tottori Prefecture, in June 1991 were used for
chemical determination of organotin (butyltin
and phenyltin) compounds. The specimens
were dissected for sex determination based on
the existence of female accessory sex organs,
such as the capsule gland, and then females
were examined for imposex. An imposex indi-
vidual was defined as one that has either a
penis or a vas deferens with female accessory
sex organs (e.g., capsule gland; Horiguchi
1993). A total of 52 B. japonica specimens
were used for chemical analyses (25 males and
27 females, consisting of three normal females
and 24 individuals that exhibited imposex).
Chemical determination of butyltin and
phenyltin compounds in tissues (muscle [foot],
head with tentacle, radula with sac, esophagus
with crop, stomach, digestive gland, kidney, rec-
tum, ovary or testis, oviduct, siphon, ctenidium,
heart, osphradium, and mantle) of B. japonica
specimens was conducted with composite sam-
ples using the method described by Horiguchi
et al. (1994). Brieﬂy, tissues were extracted with
0.1% tropolone/benzene and 1N hydrobromic
acid/ethanol by ultrasonication, derivatized with
propylmagnesium bromide, cleaned by silica gel
column chromatography, and quantiﬁed by gas
chromatography with ﬂame photometric detec-
tion (GC-FPD). The detection limit of the
instrument was 50 pg, and certiﬁed reference
material from Japanese sea bass, Lateolabrax
japonicus, for TBT and TPhT analysis (prepared
by the National Institute for Environmental
Studies; NIES CRM no. 11) was used for qual-
ity assurance and quality control. The analytical
conditions are described in more detail by
Horiguchi et al. (1994).
Results and Discussion
The percentages of occurrence of imposex
were 82.6 and 88.9% in B. japonica specimens
collected from December 1988 to November
1989 and in June 1991, respectively. Both the
penis and the vas deferens were well developed
in females that exhibited imposex (Figure 4).
No oviduct blockage (i.e., occlusion of the
vulva) by vas deferens formation was observed
in female B. japonica that exhibited imposex.
This ﬁnding differs from the imposex symp-
toms observed in N. lapillus, Ocinebrina acicu-
lata, and T. clavigera (Gibbs and Bryan 1986;
Gibbs et al. 1987; Horiguchi et al. 1994;
Oehlmann et al. 1996) Figure 4).
Temporal variations in the reproductive
developmental score of the B. japonica popula-
tion differed between females (including females
that exhibited imposex) and males (Figure 5).
Although the spawning season for B. japonica is
late June to early August (Kajikawa et al. 1983),
ovarian maturation seemed to be suppressed in
females, compared to testicular maturation in
males (Figure 5), which is probably because of
the presence of immature females throughout
the spawning season. During the spawning sea-
son, clearer ovarian maturation and spawning of
many more egg capsules were observed in
B. japonica females in a population from
Teradomari, Niigata Prefecture, Japan, com-
pared with those from Tottori (Hamada and
Inoue 1993, 1994, 1995). Testicular maturation
in males from Tottori was clear in July and
August, the spawning season for B. japonica
(Figure 5). Thus, the reproductive cycle was
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Figure 3. Reproductive cells in the testes of B. japonica: (A) spermatogonium; (B) spermatocyte; (C) sper-
matid; (D) spermatozoon. Abbreviations: Nc, nucleolus; Nu, nucleus; Sc, spermatocyte; Sg, spermatogo-
nium; Smt, seminiferous tubule; St, spermatid; Sz, spermatozoon.
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Figure 4. Morphology of the ivory shell, B. japonica.
Abbreviations: cg, capsule gland; e, eye; f, foot; gp,
genital papilla; k, kidney; m, mantle; p, penis; r, rec-
tum; s, siphon; t, tentacle; vd, vas deferens.
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Figure 5. Reproductive cycle of the ivory shell,
B. japonica, represented by the population repro-
ductive developmental scores. Female (F) repro-
ductive cells were scored based on ﬁve categories
(Figure 2), and those of males (M) were based on
four categories (Figure 3). The female curve
includes females that exhibited imposex.unclear in females, but it was clearly observed in
males (Figure 5). This suppressed ovarian matu-
ration during the spawning season could be the
direct reason for the decreased number of egg
capsules spawned by adult B. japonica at the
hatchery and might accompany imposex in
B. japonica (Gibbs et al. 1988).
Ovarian spermatogenesis (i.e., an ovo–
testis) was observed in 6 (1 normal female and
5 imposex individuals) of 92 female or imposex
B. japonica specimens examined, for a fre-
quency of about 6.5% (Figure 6). It is well
known that most prosobranchs (including
B. japonica) are dioecious although there are
relatively few hermaphroditic prosobranchs in
which the gonad produces eggs and sperm
simultaneously (Fretter 1984; Uki 1989).
Ovarian spermatogenesis has been observed in
neogastropods (e.g., N. lapillus, O. aciculata, and
T. clavigera) and archaeogastropods (e.g.,
Haliotis madaka and H. gigantea) exposed to
TBT or TPhT, although no penis formation
(i.e., masculinization) is involved in spermatoge-
nesis in ovaries of female abalone (Gibbs et al.
1988; Horiguchi and Shimizu 1992; Horiguchi
et al. 2000b, 2002, 2005; Oehlmann et al.
1996). Ovarian spermatogenesis was even
observed in a normal female B. japonica without
any penis or vas deferens formation although the
frequency was low (one of six, 16.7%). The
development of male-type genital organs (penis
and vas deferens) and ovarian spermatogenesis
in females exposed to TBT or TPhT might be
controlled through different physiological path-
ways (see below). This ovarian spermatogenesis
may be one of the reasons why the spawning
ability of female B. japonica decreased.
Sex steroid hormones such as testosterone
and 17β-estradiol are important physiologi-
cally in the development of sex organs and
maturation of gonads (i.e., oogenesis and sper-
matogenesis) in vertebrates. Thus, similar sex
steroid hormones might also regulate the
reproduction of invertebrates such as gastro-
pods (LeBlanc et al. 1999). After castration of
Horiguchi et al.
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Figure 6. Spermatogenesis in the ovary of a normal female B. japonica (i.e., without penis and vas deferens). Abbreviations: Dg, digestive gland; Ov, ovary; Smt,
seminiferous tubule; Sz, spermatozoon; Te, testis. Testicular (A) and ovarian (B) tissues (i.e., ova–testis) were observed in the gonad of a female B. japonica,
which was classiﬁed originally as a female because of the presence of female accessory sex organs (e.g., a capsule gland) with neither penis nor vas deferens.
Spermatogenesis was also observed in seminiferous tubules of the ovo–testis (C). 
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Figure 7. Tissue distribution of organotin compounds in the ivory shell (B. japonica) from Yodoe, Tottori, Japan (June 1991): (A) butyltins in males; (B) phenyltins in
males; (C) butyltins in females (including imposex individuals); (D) phenyltins in females (including imposex individuals). Abbreviations: DBT, dibutyltin; DPhT,
diphenyltin; MBT, monobutyltin; MPhT, monophenyltin; TBT, tributyltin; TPhT, triphenyltin.the hermaphroditic organ, oogenesis and sper-
matogenesis were observed, respectively, in
gonads of females of the slug Limax marginatus
treated with 17β-estradiol and in males of that
slug treated with testosterone. Egg-laying was
also induced by 17β-estradiol in female slugs,
thereby implying the existence of vertebrate-
type sex steroid hormones in this species
(Takeda 1979, 1983). In vitro metabolism of
androstenedione and identiﬁcation of endoge-
nous steroids (androsterone, dehydroepiandro-
sterone, androstenedione, 3α-androstanediol,
estrone, 17β-estradiol, and estriol) by gas chro-
matography–mass spectrometry (GC-MS)
were reported for Helix aspersa (Le Guellec
et al. 1987). Several steroids (androsterone,
estrone, 17β-estradiol, ethinylestradiol, and
testosterone) were also identiﬁed by GC-MS in
gonads of B. japonica. The identiﬁcation of the
synthetic estrogen ethinylestradiol in the
gonads indicated that contamination of the
habitat of B. japonica had occurred (Lu et al.
2001). It has been suggested that increased
androgen (testosterone) levels due to reduced
activity of aromatase induced by TBT might
lead to imposex in gastropods (Bettin et al.
1996; Matthiessen and Gibbs 1998; Spooner
et al. 1991). However, there is also contradic-
tory evidence of the relationship between
reduced aromatase-like activity and progressed
imposex symptoms in gastropods (Morcillo
and Porte 1999).
It is important to consider the possible
activation of androgen receptor–mediated
responses caused by TBT or TPhT in gas-
tropods, as the enhancement of androgen-
dependent transcription and cell proliferation
by TBT and TPhT has been reported in
human prostate cancer cells (Yamabe et al.
2000). On the basis of a study of fully
sequenced invertebrate genomes, however,
homologs of estrogen receptor (ER) and
androgen receptor (AR) have not been found
in invertebrates (Escriva et al. 1997). Thus, it
is unclear whether gastropods have AR and
ER. ER-like cDNA was isolated from Aplysia
californica (Gastropoda: Opisthobranchia),
but it could not bind to estrogen and was a
constitutively activated transcription factor
(Thornton et al. 2003). Therefore, further
studies are necessary to examine steroid recep-
tors and the function of steroids in gastropods.
Several neuropeptides released from visceral
ganglia, cerebral ganglia, or the prostate gland
of gastropods (e.g., A. californica and Lymnaea
stagnalis) are egg-laying, ovulation, or egg-
releasing hormones (Chiu et al. 1979; Ebberink
et al. 1985). Féral and Le Gall (1983) suggested
that TBT-induced imposex in O. erinacea
might be related to the release of neural mor-
phogenic controlling factors. Their study used
in vitro tissue cultures derived from the pre-
sumptive penis-forming area of immature slip-
per limpets, Crepidula fornicata, and the
isolated nervous systems of male or female
O. erinacea in the presence/absence of TBT 
(0.2 µg/L). The accumulation of TBT or TPhT
in the central nervous systems of H. gigantea
(Horiguchi et al. 2002), N. lapillus (Bryan et al.
1993), and T. clavigera (Horiguchi et al.
2003) indicates the potential for toxic effects
of TBT and TPhT on neuroendocrine systems.
APGWamide, a neuropeptide released from the
cerebral ganglia of gastropods such as L. stag-
nalis, signiﬁcantly promoted the development
of imposex in female I. obsoleta (Oberdörster
and McClellan-Green 2000, 2002). Thus, in
addition to possible steroid modulation caused
by TBT or TPhT in gastropods, it might be
important to consider the possible effects of
neuropeptides released from ganglia as well.
We determined tissue concentrations of
organotin compounds such as butyltins and
phenyltins using GC-FPD and observed differ-
ent tissue distributions (Figure 7). A marked
accumulation of TBT was observed in the
ctenidium, osphradium, and heart in both
males and females, whereas the highest concen-
trations of TPhT were detected in the ovaries of
females and in the digestive glands of males
(Figure 7). Based on the total body burden of
TBT in B. japonica, more than one-third of
total TBT was accumulated in the digestive
glands of both males and females. The testis,
ctenidium, muscle, and heart in males and the
muscle, ovary, ctenidium, and head (including
the central nervous system ganglia) in females
followed in decreasing order of TBT accumula-
tion (Figures 8A, C). Based on the total body
burden of TPhT, approximately three-quarters
and more than one-half of total TPhT accumu-
lated in the digestive glands of males and
females, respectively. The second highest tissue
burden of TPhT was observed in the gonads of
both males and females, followed by the muscle,
ctenidium, and heart in males and the muscle,
oviduct, and head in females (Figure 8B, D).
The large accumulation of TBT and TPhT
in the digestive glands may indicate that those
organotins are metabolized thereby several
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Figure 8. Total body burden (ng) of organotin compounds in the ivory shell, B. japonica, from Yodoe,
Tottori, Japan (June 1991): (A) tributyltin in males; (B) triphenyltin in males; (C) tributyltin in females
(including imposex individuals); (D) triphenyltin in females (including imposex individuals).enzymes (Bock 1981; Lee 1985; Matsuda et al.
1993; Suzuki et al. 1999). The relative amounts
of butyltin and phenyltin species in the diges-
tive gland might be taken as a measure of the
ability of B. japonica to metabolize TBT and
TPhT (Tanabe et al. 1998). The ratio of TBT
to total butyltins in the digestive gland was
higher in B. japonica than it was in T. clavigera,
possibly suggesting lower ability of B. japonica
to metabolize TBT (Horiguchi et al. 2003).
The predominant phenyltin species was TPhT
in the digestive gland of B. japonica, the same as
for T. clavigera (Horiguchi et al. 2003). The
ability to metabolize TBT differs among
species, whereas the ability to metabolize TPhT
seems to be generally low in many kinds of
organisms (Bock 1981; Bryan et al. 1987,
1993; Horiguchi et al. 2003; Lee 1985;
Matsuda et al. 1993; Suzuki et al. 1999).
Biological and ecological half-lives of TBT and
TPhT were estimated as 22 days and 347 days,
respectively, in T. clavigera (Horiguchi et al.
1995). The biological half-life of TBT was esti-
mated to be between about 50 days and
> 100 days in N. lapillus, depending on the
conditions (Bryan et al. 1987). Relatively high
tissue burdens of TBT and TPhT were
observed in the reproductive organs (ovary,
oviduct, testis) and head (including the central
nervous system ganglia), as well as in the muscle
and tissues adjacent to the mantle, such as the
ctenidium, siphon, and heart (Figure 8).
A similar accumulation pattern was also
observed in T. clavigera (Horiguchi et al. 2003).
However, a slightly different pattern was found
in O. erinacea, in which approximately half of
the total body TBT burden accumulated in the
capsule gland (Gibbs et al. 1990), which possi-
bly suggests a difference in organotin accumu-
lation patterns among species. Although
concentrations of TBT and TPhT in ganglia
were quite high in T. clavigera, the total tissue
burden for those organotins was not high
because of the relatively small ganglia tissue in
that species (Horiguchi et al. 2003). This
explanation may also be the case for B. japon-
ica in this study. Similar concentrations of
TBT and TPhT were also detected in ganglia
of B. undatum (Mensink et al. 1997).
Nishikawa et al. (2004) discussed a possible
mode of action of TBT or TPhT on the devel-
opment of imposex in gastropods. They
reported that organotins (both TBT and
TPhT) bind the human retinoid X receptors
(hRXRs) with high afﬁnity and that injection of
9-cis retinoic acid (RA), the natural ligand of
hRXRs, into female rock shells (T. clavigera)
induced the development of imposex. Cloning
of the RXR homolog from T. clavigera revealed
that the ligand-binding domain of rock shell
RXR was very similar to that of vertebrate RXR
and that it was bound to both 9-cis RA and
organotins (Nishikawa et al. 2004). These ﬁnd-
ings suggest that RXR is important in inducing
the development of imposex, namely, the dif-
ferentiation and growth of male genital organs
in female gastropods. Preliminary immunohis-
tochemical staining results, using anti-RXR
antibody that had a cross-reactivity with the
rock shell RXR protein (as shown by the
Western blotting test), suggested that the RXR
protein existed in the ganglia of T. clavigera
(Ohta Y and Horiguchi T, unpublished data),
where high concentrations of organotins accu-
mulated (Horiguchi et al. 2003). Possible accu-
mulation of organotin compounds in ganglia is
also suggested in N. lapillus (Bryan et al. 1993)
and B. undatum (Mensink et al. 1997), and in
B. japonica in the present study. Further studies
with molecular biological and immunohisto-
chemical techniques are needed to clarify the
entire mode of action of TBT or TPhT on the
development of imposex in gastropods.
Mortality of larvae and seeds or juveniles
might be due to the accumulation of TPhT and
TBT in ovaries as well as by the contamination
of seawater with TPhT or TBT (Coelho et al.
2001; Inoue et al. 2004; Lapota et al. 1993; Li
et al. 1997; Nakayama et al. 2005; Ruiz et al.
1995; Treuner AB, Horiguchi T, Takiguchi N,
Imai T, Morita M, unpublished data). Based
on a survey of imposex and organotin concen-
trations in tissues of T. clavigera (Horiguchi
et al. 1994), contamination with TBT and
TPhT was relatively serious along the coast of
Tottori Prefecture, especially in Miho Bay,
where the B. japonica specimens used in this
study were collected.
Concentrations of TBT and TPhT were
relatively high in the ovaries of females
(Figure 7). Both TBT and TPhT concentra-
tions in gonads were positively correlated with
penis length in females (Figure 9), as was the
case with T. clavigera (Horiguchi et al. 1994;
Shim et al. 2000). Laboratory experiments
revealed that both TBT and TPhT induced or
promoted the development of imposex in
T. clavigera (Horiguchi et al. 1995, 1997a);
therefore, imposex could be caused by TBT or
TPhT in B. japonica as well. However, it is dif-
ﬁcult to estimate the threshold concentration
of TBT and/or TPhT that induces the devel-
opment of imposex in B. japonica. Laboratory
flow-through exposure experiments with
B. japonica, using TBT and TPhT, are needed
to estimate the threshold concentration for the
development of imposex. The estimated thresh-
old concentration of TBT (in the whole body)
that can induce the development of imposex
was reported to be approximately 20 ng Sn/g
dry weight (corresponding to approximately
10–12.5 ng TBT/g wet weight, assuming that
the concentration on a dry weight basis is
4–5 times that on a wet weight basis) for
N. lapillus (Gibbs et al. 1987), and the estimated
threshold concentration of TBT was similarily
reported to be 10–20 ng/g wet weight for
T. clavigera (Horiguchi et al. 1994). However,
because of limited experimental and analytical
data, it is difﬁcult to compare the sensitivity to
TBT and TPhT of B. japonica to that of other
gastropod species such as N. lapillus, O. erinacea,
U. cinerea, and T. clavigera (Bryan et al. 1987;
Gibbs et al. 1987, 1990, 1991; Horiguchi et al.
1994, 1995).
The planktonic stage of B. japonica is esti-
mated to last approximately 4–5 days
(Hamada et al. 1988, 1989). Thus, the recruit-
ment of veliger larvae from other populations
that inhabit remote, less contaminated areas is
unlikely. Reproductive failure accompanied by
imposex in females could result in extirpation
of the B. japonica population within several
years because the number of offspring pro-
duced by adult B. japonica in the population is
likely to continue to decrease. The existence
and duration of a free-swimming phase during
larval development is one of the important fac-
tors in determining the linkage of impaired
reproductive ability caused by imposex to pop-
ulation decline (Bryan et al. 1986; Gibbs and
Bryan 1986; Gibbs et al. 1988, 1990, 1991).
Conclusions
Our ﬁndings suggest that reproductive failure
(suppressed ovarian maturation and ovarian
spermatogenesis) in adult females accompanied
with imposex, possibly induced by TBT or
TPhT from antifouling paints, could have
brought about the marked decline in B. japonica
populations that has been observed.
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